Abstract-We propose a new class of information-coupled Turbo codes to improve the transport block (TB) error rate performance for LTE systems. Meanwhile, we keep the LTE hybrid automatic repeat request protocol and the Turbo decoder for each code block (CB) unchanged. In the proposed codes, every two consecutive CBs in a TB are coupled together by sharing a few common information bits. We propose a feed-forward and feed-back decoding scheme to decode the whole TB by exploiting the coupled information between CBs. Numerical results show that the proposed codes achieve a signal-to-noise-ratio (SNR) gain of 0.28 dB to 0.72 dB over LTE Turbo codes for the simulated code parameters at a TB error rate level of 10 −2 .
I. INTRODUCTION
In the long-term evolution (LTE) standards, transport block (TB) based hybrid automatic repeat request (HARQ) is a key factor to provide low-latency and high-speed data transmission [1] . In this HARQ protocol, a receiver uses only one bit acknowledgement (ACK) or negative acknowledgement (NACK) to report the receiving status of a TB to the transmitter. This mechanism minimizes the HARQ feedback overhead. However, it results in a waste of transmission power and spectrum efficiency when a TB consists of multiple code blocks (CBs) [2] . This is because any erroneous CB within a TB will lead to the retransmission of the whole TB. In the current LTE standards, a TB may consist of up to 16 or 64 CBs when one-layer or four-layer spatial multiplexing is used, respectively [3] . Moreover, the user peak throughput in 5G wireless networks is expected to be increased by 100 -1000 times [4] . The number of CBs in a TB will further increase if the maximum CB length is not increased proportionally. Therefore, the problem of wasting transmission power and spectrum efficiency raised by the TB based HARQ protocol will become worse in the future.
To mitigate this problem, CB based HARQ schemes were proposed and investigated in [2] for the 802.16e standard, and in [5] [6] for the 5G new radio access technologies, respectively. In these schemes, only erroneous CB (CBs) is (are) retransmitted. This saves transmission power and improves spectrum efficiency, but leads to an excessive amount of overhead in downlink/uplink control channels in order to manage a lot of HARQ interlaces even within one TB [6] .
Another way to solve the aforementioned problem is to improve the decoding threshold and thus the TB error rate (TBER) performance by constructing a much longer channel code for the whole TB. This can keep the simple TB based LTE HARQ protocol unchanged, but leads to a linearly increased decoding latency and complexity.
In recent years, spatially-coupled low-density parity-check (SC-LDPC) codes [7] - [14] with windowed decoders [15] - [17] are proposed to use a practical decoding complexity to decode a theoretically infinite long code. SC-LDPC codes achieve a significant convolutional gain compared to their non-SC counterparts. However, the implementation complexity is still high for a few reasons. First, the generator matrix of a SC-LDPC code usually needs to be generated based on the whole parity-check matrix of the SC-LDPC code instead of the parity-check matrix in the decoding window. This results in a high encoding complexity for a very long code. Second, the parity-check matrix in the decoding window is time-varying for a practical terminated finite length SC codes since the termination introduces irregularity at the beginning and the end of the parity-check matrix for a terminated SC code.
Inspired by the promising performance of SC-LDPC codes, SC-Turbo codes were proposed in [18] to construct a long trellis. Belief-propagation (BP) decoding threshold analysis in [18] and finite length simulation results in [19] showed that the SC-Turbo codes have better decoding threshold than their non-SC counterparts in binary erasure channel. However, the constructed long trellis asks for a large trellis decoder.
It is well-known that the convolutional gain of terminated SC codes over their non-SC counterparts comes from the fact that reliable messages at two ends of a terminated SC code are continuously decoded and spread out, and gradually improve the quality of other messages as iterative decoding progresses [20] . We call this phenomenon as reliable message spreading phenomenon. Inspired by this reliable message spreading phenomenon, we propose a new class of information coupled (IC) turbo codes. Firstly, in order to achieve a better decoding threshold and initial decoding performance for the first CB and the last CB, dummy bits [21] [22] are inserted in these two CBs. Then, we concatenate the CBs in a TB into a chain by sharing a few common information bits between every two consecutive CBs. At the receiver side, we propose a feedforward and feed-back (FF-FB) decoding scheme to exploit the reliable messages from the first and the last CBs, and spread these messages to other CBs through the coupled information bits between every two consecutive CBs. We evaluate the TBER performance of our proposed IC-Turbo codes through Monte Carlo simulations. Simulation results show that our proposed codes have a SNR gain from 0.28 dB to 0.72 dB compared to the LTE Turbo codes for various simulated code parameters at a TBER of 10 −2 . This paper is organized as follows. Section II introduces the TB based HARQ protocol in the LTE standards and the problem we aim to solve in this paper. The encoding and decoding schemes for the proposed IC-Turbo codes are explained in Section III and Section IV, respectively. Simulation results for the proposed IC-Turbo codes are shown in Section VI and conclusions are drawn in Section VII.
II. TB BASED HARQ IN LTE AND PROBLEM STATEMENT
The TB based HARQ process in LTE is illustrated in Fig.  1 . A TB u of length L is fed to the physical layer for transmission. The physical layer of a transmitter firstly attaches a 24-bits TB cyclic redundancy check (TB CRC) at the end of u. If L + 24 is larger than the pre-defined maximum CB length, which is 6144 in LTE [23] , the TB is segmented into N CBs and each CB is attached with a CB CRC of 24 bits. Otherwise, segmentation and CB CRC attachment are omitted and the TB consists of only one CB, i.e., N = 1. The resultant CBs {u n } , n = 1, · · · , N, are fed to a systematic Turbo encoder of rate R 0 = 1 3 sequentially. The Turbo encoder consists of two 8-state parallel concatenated convolutional codes (CCs) with octal generator polynomials 1, 15 13 and one internal interleaver. Denote the output codewords of the Turbo encoder by {v n } , n = 1, · · · , N. The Turbo codewords are sent to a rate-matching device to obtain the required code rate. The resultant codewords are denoted by v n . After adaptive modulation, signals x are transmitted. The length of x is determined by the TB length L, the segmentation rules in LTE and the modulation and coding scheme used for the TB. We omit these details here as they are not essential to our proposed IC Turbo codes. We refer the interested readers to [23] .
At the receiver side, noisy signals y = x + n are received, where n is an additive white Gaussian noise (AWGN) vector with i.i.d components. Each component has zero mean and variance σ 2 ch = N0 2 , where N 0 is the single-sided noise power spectrum density. y and n have the same length as x. SNR is defined as ρ = Es N0 and E s is the average symbol energy. Upon receiving the signals y, a soft demodulator calculates the log-likelihood ratio (LLR) for each coded bit by
Here, v n,m represents the m-th coded bit in the n-th codeword v n and y m denotes the channel observation which contains v n,m . Then, L v n collects all L v n,m and it is sent to a de-rate-matching device to calculate the LLRs for coded bits in v n . In LTE, the rate-matching mechanisms include puncturing and repetition. For the punctured bits in v n , we set the associated LLRs to zeros. For a repeated coded bit v n,m in v n , if it is repeated by Q times and the associated LLRs for
, the LLR for this coded bits is calculated by
Here, we consider that the observations for the coded bit are independent.
After de-rate-matching, L (v n ) collects all L (v n,m ) for each CB, and then it is fed to a Turbo decoder. The Turbo decoder consists of two constituent BCJR decoders [24] and an interleaver/deinterleaver. By using an iterative decoding process, estimated CBs {û n } , n = 1, · · · , N, are given. For each CB, if CB CRC detects an error, subsequent CBs in this TB will not be processed and an NACK bit is sent by the receiver to its peer transmitter. Otherwise, the estimated CBs {û n } , n = 1, · · · , N, are concatenated and used to calculate the TB CRC. If TB CRC detects an error, an NACK bit is sent by the receiver to its peer transmitter, which triggers a retransmission process. Otherwise, an ACK bit is sent and the TB is received successfully.
Note that, as only one bit feedback per TB is used in the LTE HARQ protocol, the whole TB has to be retransmitted if any CB in the TB is in error. That is why we call it TB based HARQ. Obviously, when a TB consists of several or tens of CBs, TB based feedback may result in a waste of transmission power and a reduced transmission efficiency [2] [5] [6] .
In this paper, we propose a class of IC Turbo codes for LTE to improve the TBER performance, i.e., decrease Pr (û = u). Meanwhile, we keep the TB based HARQ protocol and the Turbo decoder for each CB in the LTE standards unchanged. We mainly consider the IC Turbo codes that have code rates R IC lower than the mother code rate R 0 = 1 3 for the ease of exposition of the proposed scheme. In this case, repetition is used as the rate-matching mechanism by the transmitter and chase-combining is used by the receiver in LTE. Higher code rates can be realized by using the same puncture mechanism as that used in the LTE Turbo codes. In this paper, we mainly focus on the case N ≥ 2. For N = 1, our codes degrade to dummy bits insertion Turbo codes as proposed in [22] .
III. ENCODING OF OUR PROPOSED IC-TURBO CODES
In this section, we first present the encoding scheme of our proposed IC-Turbo codes. Then the effective code rates of the proposed codes are expressed w.r.t the mother code rate R 0 .
A. Encoding Scheme of Our Proposed IC-Turbo Codes
The block diagram of the encoding scheme is shown in Fig. 2 . In a big picture, the encoding process takes in a TB u of length L and two dummy bit sequences In the proposed encoder, several information bits are shared between two consecutive Turbo CBs, which can be exploited in the TB iterative decoding to spread extrinsic information between CBs. In addition, dummy bits are inserted in the first and the last Turbo CBs, which provide more reliable decoding outputs for these two CBs than that of other CBs. These reliable messages gradually spread out in the TB iterative decoding process and eventually improve the overall TBER performance. The effect of these inserted dummy bits in the FF-FB decoding scheme will be discussed in Section IV-B. The encoding process consists of three steps: 1) CB segmentation; 2) Information coupling and dummy bits insertion; and 3) Turbo encoding, which are described as below:
Step 1 CB segmentation: 
Step 2 Information coupling and dummy bits insertion: Construct N CBs {u n } , n = 1, · · · , N, through information coupling and dummy bits insertion. Let u Cn be the D n coupled information bits between CBs u n and u n+1 , n = 1, · · · , N − 1, i.e., the information bits in information block u n shared by CBs u n and u n+1 . We call D n as coupling length between CBs u n and u n+1 . For the first CB u 1 , let u 1 = {d H , u 1 }, where d H is the dummy bits inserted into the first CB. For n = 1, · · · , N − 1, let the nth CB u n = u Cn−1 , u n . For the last CB u N , let u N = u CN−1 , u N , d T , where d T is the dummy bits inserted into the last CB.
Step 3 Turbo Encoding: A Turbo encoder, which consists of two CC encoders and an interleaver, encodes the N CBs. For a CB u n , n ∈ {1, · · · , N}, the encoder generates the parity check sequences v Note that our proposed IC-Turbo codes are different from the SC-Turbo codes proposed in [18] and [19] , where all CBs are coupled together to form a much longer trellis. In our proposed IC Turbo codes, each CB is terminated and the trellis is exactly the same as that of the original LTE Turbo codes. Therefore, the encoder and the decoder are exactly the same as that for LTE Turbo codes. In addition, the proposed IC-Turbo codes avoid the problem of constructing a large generator matrix from the whole parity-check matrix for a SC-LDPC code. It also enjoys a time-invariant decoder.
Remark 1: As shown in [21] that the distance spectrum of dummy bits insertion CCs depends on the number and the positions of these dummy bits in a CB. It is not affected by the value of the dummy bits. Therefore, all-zero dummy bits are considered in this paper, i.e., d H = d T = 0. In addition, we consider that the dummy bits are equally spaced or nearly equally spaced in a CB. The optimization of distributing the dummy bits in a CB is not considered in this paper.
Remark 2: The positions of coupled information bits in a CB will affect the decoding performance of the proposed codes. In this paper, we consider that the coupled information bits are equally or nearly equally spaced in the related CBs. The optimization of distributing the coupled information bits in the related CBs is not considered in this paper. We also consider that the coupled information bits of a CB with its previous and next CBs are independent, i.e., u Cn−1 u Cn = Φ.
B. Effective Code Rate of the Proposed IC-Turbo Codes
It can be seen from Step 1 of the encoding process that the information length for the TB is
We can also see from Step 3 of the encoding process that the number of transmitted coded bits for the TB is
For simplicity, let D H = D T = D n = D, for n = 1, 2, . . . , N − 1 and K n = K, for n = 1, 2, . . . , N. The effective code rate of the proposed codes can be written as 
IV. DECODING OF THE PROPOSED IC-TURBO CODES
The encoding scheme presented in Section III-A introduced information coupling between every two consecutive CBs. In this section, we first present the decoding scheme for one CB, namely intra-CB decoding. Based on that, we propose an inter-CB decoding scheme to decode the whole TB by exploiting the coupled information.
A. Intra-CB Decoding
We can see from Fig. 2 that each CB u n , n ∈ {1, · · · , N}, consists of three parts of information, which are illustrated in Fig. 3(a) . The first part is the coupled information bits from the previous CB or the inserted dummy bits in the first CB, i.e., u Cn−1 for CB u n , n ∈ {2, · · · , N}, or d H for CB u 1 . We call this part of information as pre-coupled information or head dummy bits, respectively. The second part is the information bits that are not coupled with other CBs, i.e., u n \u Cn for CBs {u n }, n = 1, · · · , N −1, or u N for the last CB. Here u n \u Cn represents the elements in u n exclude the elements in u Cn . This part of information is termed un-coupled information. The third part is the coupled information bits to the next CB or the inserted dummy bits in the last CB, i.e., u Cn for CB u n , n ∈ {1, · · · , N − 1}, or d T for CB u N . This part of information is named post-coupled information or tail dummy bits. We consider D < K 2 in this paper, it guarantees that each CB consists of all three information parts.
n-th CB Decoding According to the composition of CB u n , its associated decoding block diagram is shown in Fig. 3(b) . Let To decode CB u n , the Turbo decoder takes in channel information CH Cn−1 , CH n and CH Cn , and the a priori information
) to perform intra-CB iterative decoding. When a predefined intra-CB decoding stopping criterion is satisfied, such as a predetermined maximum number of Turbo iterations has been reached or the CB CRC does not detect an error, the decoder outputs u n as an estimation of CB u n . It also outputs the extrinsic information L e Cn−1 (except the first CB) and L e Cn (except the last CB), which will be used in the inter-CB decoding process between CBs.
Note that this intra-CB decoder is almost the same as that for the LTE Turbo codes. The only difference is that the proposed decoder utilizes a priori information from adjacent CBs and outputs extrinsic information to them. This only affects the initialization and the outputs of the decoder. Therefore, we can keep the LTE Turbo decoder for a CB unchanged.
B. Inter-CB Decoding
Based on the intra-CB decoding scheme presented above, we propose an FF-FB inter-CB decoding scheme to exploit the extrinsic information between coupled CBs to improve the TBER performance. The decoding scheme decodes serially from the first undecoded CB to the last undecoded CB and then, if it is necessary, decodes serially from the last undecoded CB to the first undecoded CB. This FF-FB decoding process can be repeated for a few times to achieve an excellent TBER performance. The details are as below.
Let
denote the extrinsic (a priori) information associated with u Cn , which is forwarded from the n-th CB to the n + 1-th
Cn denote the extrinsic (a priori) information sent from the n + 1-th CB to the n-th CB. The decoding scheme is described as below:
Step
Set the maximum intra-CB and inter-CB decoding iterations to I CB and I T B , respectively. Set the current inter-CB iterations to i T B = 0.
Step 2 FF Decoding: The inter-CB decoder decodes CBs serially from the first CB to the last CB. The forward information
, is calculated and passed down from the n-th CB to the n +1-th CB. The details are as below:
For the first interation, i.e., i T B = 0, and the n-th CB u n , the decoder uses the associated channel information and the a priori information For other iterations, i.e., i T B > 0, the inter-CB decoder decodes from the first undecoded CB to the last undecoded CB by using both a priori information
Cn associated with the pre-and the post-coupled information bits to decode u n . Other details are identical to that of the first iteration.
Increase the current inter-CB iterations by one, e.g., i T B = i T B + 1.
Step 3 FF TB CRC: Calculate TB CRC based on the estimations { u n } , n = 1, · · · , N. If TB CRC detects an error and i T B < I T B , go to Step 4; Otherwise, go to Step 6.
Step 4 FB Decoding: The inter-CB decoder decodes CBs serially from the last undecoded CB to the first undecoded CB. The decoding of each CB is identical to the FF decoding with i T B = 0.
Step 5 FB TB CRC: Calculate TB CRC based on the estimations { u n } , n = 1, · · · , N. If TB CRC detects an error and i T B < I T B , go to Step 2; Otherwise, go to Step 6.
Step 6 Output decoded CBs: Output { u n } , n = 1, · · · , N, as the final estimations of {u n }.
Remark 3: The proposed FF-FB decoding scheme spreads reliable messages from the first and the last CBs to other CBs via FF and FB decoding processes, respectively. With a sufficiently large number of inter-CB decoding iterations, all CBs gradually approach the decoding performance of the first and the last CBs, which in turn improves the TBER performance. To show this reliable messages spreading phenomenon, we plot the CB error rate (CBER) against the CBs' indices and the inter-CB iterations i T B in Fig. 4 . The TB consists of 17 CBs, the coupling length D = 1024, the maximum number of inter-CB iterations is set to I T B = 20 and the channel SNR ρ = −5.5 dB. Clearly, it can be seen that the first and the last CBs have a much better CBER performance than that of other CBs in the first a few inter-CB iterations. As the decoding process progresses, all CBs gradually approach a similar CBER as that of the first and the last CBs. 
V. ENCODING AND DECODING COMPLEXITY OF THE
PROPOSED IC-TURBO CODES We discuss the encoding and decoding complexity of the proposed codes and the FF-FB decoding scheme in this section. First of all, we note that as a few information bits are shared between every two consecutive CBs in the proposed codes, the number of CBs of the proposed codes is larger than that of conventional Turbo codes for a same TB length L. In particular, the number of CBs for a conventional Turbo code with CB length K is times for the proposed codes compared to that of conventional Turbo codes.
Regarding the encoding complexity of the proposed codes. Since the encoding complexity for each CB is the same for both conventional Turbo codes and the proposed IC-Turbo codes, the encoding complexity of the proposed codes is 
VI. NUMERICAL RESULTS
In this section, we present the TBER performance of our proposed IC-Turbo codes and compare it to that of LTE Turbo codes under AWGN channels. Various TB lengths L, code rates R IC and coupling lengths D are investigated. In all simulations, the CB length K = 6144, the maximum intra-CB decoding iterations I CB = 8 and the maximum inter-CB decoding iterations I T B = 20 are considered. Fig. 5 shows the TBER performance of the proposed codes for the same coupling length D = 1024 and different TB lengths L = 4K, 14K and code rates. The TBER performance of the LTE turbo codes with the same code rates and the same TB lengths are also shown there. We can see that our proposed codes have considerable SNR gains over the LTE Turbo codes for various TB lengths and code rates. When the code rate is lower than the mother Turbo code rate, i.e., R IC < 1 3 , and L increases from 4K to 14K, the SNR gain increases from 0.63 dB to 0.66 dB at a TBER of 10 −2 . For the code rate of R IC = 0.5, a SNR gain larger than 0.4 dB of the proposed code with L = 4K and D = 1024 over the LTE Turbo code is observed. 
VII. SUMMARY
In this paper, we proposed a class of IC-Turbo codes by sharing information bits between adjacent CBs. An inter-CB decoding scheme is proposed to exploit the coupled information introduced by the encoding scheme. Simulation results show that the proposed codes and decoding scheme achieve a considerable SNR gain over the LTE Turbo codes.
